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Abstract This letter reviews the adhesive and frictional properties of the ﬁrst mushroom-shaped
adhesive microstructure (MSAMS), which has come a long way from inspiration by the attachment
devices evolved in beetles to a large-scale industrial production. It was shown to have an that about
twice higher pull-oﬀ force compared to a smooth control made from the same material measured on
smooth substrates. Pull-oﬀ forces measured underwater are even higher than those in air. Moreover,
it retained adhesive performance over thousands of attachment cycles and initial adhesive capability
could be recovered by washing after being contaminated. In shearing, MSAMS exhibits reduced and
stabilized friction in comparison with a smooth control, which demonstrated pronounced stick-slip
motion, and shows zero pull-oﬀ force in a sheared state, allowing the adhesion to be switched on and
oﬀ. The presence of a ﬂuid in the contact zone showed adhesion enhancement on both smooth and
rough substrates. All these features lead us to conclude that MSAMS may have practical potential
in a variety of applications. c© 2012 The Chinese Society of Theoretical and Applied Mechanics.
[doi:10.1063/2.1201408]
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During the last decade a new emerging ﬁeld of adhe-
sion science has been developed. Inspired by some an-
imals, like geckos, spiders, ﬂies and beetles, being able
to adhere and run on walls and ceilings (see Refs. 1, 2),
a lot of work has been done to understand the physical
principles underlying the performance of biological at-
tachment systems (Ref. 2 and citations therein). Based
on these studies, many attempts to mimic such systems
were made (see Ref. 3) and a new class of adhesives
has emerged: bio-inspired microstructured adhesives
(BIMSA). The well-known prototype for BIMSA is the
gecko. Its attachment system consists of a highly com-
plex, hair-like hierarchical architecture whereas each
hair (seta) is terminated by a spatula-shaped contact
element. However, in nature there is a variety of at-
tachment systems, also featuring interesting adhesive
properties. For example, mushroom-shaped contact el-
ements of male beetles from the family Chrysomelidae
perform especially well on smooth substrates.2 While
producing the BIMSA perfectly mimicking the geckos’
attachment system still “remains a holy grail of sorts
in the ﬁeld”,4 convincing results have been achieved
in manufacturing adhesive microstructures inspired by
beetles.5–8 Comparative studies on BIMSA with diﬀer-
ent contact geometries showed that mushroom-shaped
terminal contact elements even outperform the spatula-
shaped geometry under certain conditions.7 This is
explained by that the spatula-shaped structures need
to be slightly sheared to generate strong, directional
adhesion,9,10 whereas the mushroom-shaped structures
virtually do not require any preload to generate strong
pull-oﬀ.
a)Corresponding author. Email: sgorb@zoologie.uni-kiel.de.
Fig. 1. Scanning electron micrograph of mushroom-shaped
adhesive microstructure (MSAMS). Inset shows an individ-
ual MSAMS in contact with smooth glass substrate. SH,
shaft; CL, contact lip; NN, narrowed neck.
In this letter we review the adhesive and frictional
properties of the ﬁrst mushroom-shaped adhesive mi-
crostructure (MSAMS, Fig. 1), which has come a long
way from inspiration by the attachment devices evolved
in beetles to a large-scale industrial production.
MSAMS was made from poly vinyl siloxane (PVS)
and consisted of hexagonally distributed individual
MSAMs (Fig. 1, inset) of about 100 μm in height, each
terminated by a thin contact plate, which covers about
50% of the apparent contact area of the material.5
Adhesive and frictional properties of the MSAMS
were tested in a series of various experiments. If not oth-
erwise stated, performance of the MSAMS and smooth
PVS disks, 2 mm in diameter and 1 mm in height, was
characterized in contact with smooth glass substrates.
Adhesion and friction experiments were performed on
a home-made microtribometer using a self-aligning sys-
tem of sample holders in order to measure contact forces
in a ﬂat-on-ﬂat contact scheme.11 As a measure of ad-
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hesion the pull-oﬀ force of each disk was determined
after applying a preload in the range of 60 to 90 mN,
while withdrawing the glass substrates at diﬀerent re-
traction velocities. Friction experiments were carried
out after applying normal loads ranging from 40 to
120 mN followed by lateral stage displacements rang-
ing from 25 μm to 7 mm, while recording the tangen-
tial force resisting the specimen motion. At the end of
each lateral displacement adhesion was measured in the
shear-preloaded state.
Adhesion experiments revealed an about twice
higher pull-oﬀ force of the MSAMS compared to the
smooth control (Fig. 2(a)), while pull-oﬀ forces were
independent of the initially applied preload. Peeling
experiments also conﬁrmed this result.5 Moreover, ad-
hesion seemed to be not aﬀected by whether glass sub-
strates were hydrophobic or hydrophilic. This enforces
that in the above experiments this bio-inspired dry ad-
hesive mainly relies on van der Waals forces, rather than
on chemical bonding or capillary attraction.12
An explanation of the enhanced adhesion of
MSAMS compared to the smooth control can be given
on two diﬀerent length scales. On the scale of the sam-
ple dimension (diameter 2 mm) the distribution of indi-
vidual contacts leads to a crack trapping mechanism.13
Once a crack in the adhesive interface has been ini-
tiated, e.g. one individual MSAMS has detached the
repulsive elastically stored energy in the individual
MSAMS, during detachment, is released and can no
longer contribute to the propagation of the crack. The
crack has to be reinitiated at each individual MSAMS.13
By contrast, once the crack has been initiated in the ad-
hesive interface of the smooth sample, the crack propa-
gates unhamperedly over the entire contact area. On
the scale of an individual MSAMS, the thin contact
plate eliminates the edge square-root-stress singular-
ity when compared to the ﬂat punch geometry allow-
ing the individual MSAMS to withstand higher tensile
stresses.14
The detachment of individual MSAMSs may occur
by the nucleation of a crack inside the contact area
which propagates towards the outer edge while the outer
perimeter is still in contact.15 This observation is sup-
ported by recent theoretical work showing that this fail-
ure mode is the favored one for MSAMSs.14 This is in
striking diﬀerence to the detachment of a ﬂat punch
under axial-symmetric tensile stress where crack propa-
gation starts at the outer edge towards the inner region.
This failure mode suggests the formation of a low-
pressure void inside the contact area. Together with the
results obtained in underwater adhesion experiments,
this led us to the assumption that a suction eﬀect may
also contribute to adhesion of MSAMS. The underwa-
ter measurements of MSAMS samples exhibited signif-
icantly higher pull-oﬀ forces compared to those in air,
which is a surprising result, since van der Waals forces
are weakened by about 86% when the PVS-glass inter-
face is submerged in water.12 In order to test the hy-
pothesis of the suction eﬀect, pull-oﬀ forces at diﬀerent
retraction velocities were compared under atmospheric
Fig. 2. Results obtained in adhesion and friction experi-
ments with MSAMS and a smooth control made from the
same material. (a) Pull-oﬀ forces measured at diﬀerent re-
traction velocities and diﬀerent ambient pressures on smooth
glass substrates.16 (b) Evolution of adhesion strength of oil-
wetted MSAMS on smooth (upper plot) and rough (lower
plot) substrates. Straight lines represent the dry adhesion
level.17 (c) Friction forces of MSAMS and smooth control as
a function of lateral displacement measured on smooth glass
substrates with a preload of 40 mN.18
(99.6 kPa) and reduced pressure (2.0 kPa). Results re-
vealed no signiﬁcant eﬀect of pressure reduction for the
lower retraction velocity (100 μm · s−1), but a signiﬁ-
cant eﬀect at the higher retraction velocities (400 and
800 μm · s−1). The eﬀect of suction was of about 10%
of the overall pull-oﬀ force16 (Fig. 2(a)). Therefore, we
conclude that adhesion of MSAMS must mainly rely on
dispersive interaction forces. The reason for the diﬀer-
ent behavior in reduced pressure conditions when vary-
ing retraction velocity may arise from non-perfect seal-
ing of the thin contact plates due to surface roughness,
loose particles and imperfections at the contact edges.
At suﬃciently low retraction velocities, air is able to
leak through the surface imperfections into the forming
voids and instantaneously balances the pressure diﬀer-
ence. At suﬃciently high retraction velocities (or un-
014008-3 First mushroom-shaped adhesive microstructure: A review Theor. Appl. Mech. Lett. 2, 014008 (2012)
derwater), the voids grow faster than the air (or water)
succeeds to leak in, which gives rise to a net pressure
diﬀerence.16
Additionally, MSAMS and smooth control behaved
diﬀerently with varying retraction velocity (Fig. 2(a)).
Comparing the pull-oﬀ forces obtained at reduced pres-
sure, where no suction eﬀect can contribute to adhesion,
no statistically signiﬁcant changes with varying retrac-
tion velocities were observed for the MSAMS. On the
contrary, the smooth control showed a signiﬁcant in-
crease in pull-oﬀ forces with increasing retraction ve-
locities, which is a well known behavior for viscoelastic
materials on rigid substrates. We, therefore, assume
that structuring the PVS surface changes its mechani-
cal properties in such a way that viscoelastic eﬀects are
minimized within particular retraction velocity range.16
To test the adhesive properties under more realistic
conditions, the eﬀect of oil presence on pull-oﬀ force was
studied on substrates having diﬀerent surface rough-
nesses (Fig. 2(b)). Adhesion of MSAMS and smooth
control was reduced by 97% when tested on rough sub-
strate consisting of 3 μm asperities. When on smooth
substrate, immediately after oil application the MSAMS
had lower adhesion compared to the dry adhesion level.
In consecutive measurements adhesion grew up to its
maximum level which was 1.22 times higher than the
dry adhesion and then monotonically decayed (Fig. 2(b)
upper plot). Adhesion of the oil-wetted smooth control
had lower adhesion throughout the whole measurement
compared to the dry adhesion level. When on rough
substrate, immediately after oil application the MSAMS
had adhesion higher by a factor of 2.7 compared to the
dry adhesion level. In consecutive measurements adhe-
sion then monotonically approached the dry adhesion
level (Fig. 2(b) lower plot). Thus, the presence of ﬂuid
generally led to adhesion enhancement of the MSAMS
on both smooth and rough substrates.17
In sliding, the smooth control exhibited pronounced
stick-slip motion with high static friction (Fig. 2(c)).18
By contrast, the MSAMS demonstrated a considerably
lower static friction followed by a stable and smooth
sliding. Friction did not depend on the shear direc-
tion. It was shown that this frictional behavior arises
from a gradually decreasing real contact area under ap-
plied tangential load, where thin contact plates of in-
dividual MSAMSes lose contact until the whole con-
tact starts slide. In the sliding state, bent MSAMSes
make side contact to the glass substrate and may also
experience sliding instabilities. However, since all in-
dividual MSAMSes are eﬀectively independent of each
other, sliding instabilities will be distributed randomly
both in time and space, leading to an average smooth
sliding of the whole contact.18
In light of the above results, it is not surprising
that the pull-oﬀ force is strongly aﬀected by shearing.
Sheared MSAMS initially exhibits a decrease in pull-oﬀ
force, and at a speciﬁc lateral displacement, presum-
ably correlated with the sliding inception, zero pull-oﬀ
forces are revealed. It may allow switching the adhesion
on and oﬀ by predeﬁned contact shearing.18
Fig. 3. Photographs of a man attached to the glass ceil-
ing (a) by a 20 cm× 20 cm PMMA plate covered by the
mushroom-shaped adhesive microstructure (b), (c). (Photo-
graph (a) is reprinted with permission from the press oﬃce
of the University of Kiel).
To demonstrate the potential of our MSAMS for
real macroscopic application, the following experiment
was performed. The MSAMS covered foil was glued
with its back to a 20 cm× 20 cm PMMA plate with a
handle bar. The adhesive performance was tested on a
glass plate ﬁrmly attached to the ceiling. This device
was able to support the weight of about 70 kg (Fig. 3).
The results obtained show several important advan-
tages of MSAMS over conventional pressure sensitive
adhesives. They are glue-free, their adhesion is switch-
able, reversible, and is even stronger under water. Ad-
ditionally, MSAMS demonstrated lower impact of con-
tamination by particles.5 They can keep their adhesive
capability over thousands of attachment cycles.19 After
being contaminated, the initial adhesive capability can
be restored by washing.5 When on rough substrates,
their performance can be improved by the introduction
of ﬂuid into the contact zone. They also leave no visible
residues on the substrate. All these features lead us to
conclude that MSAMS may have practical potential in a
variety of applications such as pick-and-drop processes
which may be performed in either ambient, vacuum or
even liquid-dominated environments relevant for auto-
motive, aerospace, medicine, bio- and marine industries.
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